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The  experiments  reported  herein  were  conducted  according  to 
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Resources,  National  Academy  of  Sciences  -  National  Research 
Council . 
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SUBJECT:  Kffeots  of  Intense  Sound 


SiiCTION;  Aero  liedioal  Laboratory 

SHilAL  NO.  MCREXD- 695-7IB  Eiqpenditure  Order  No.  695-6? 


A.  PURPOSE; 

1.  ac  present  results  obtained  in  preliminary  experiments  designed 
to  determine  the  physiologcial  effects  of  intense  sound  on  man  and 
animals. 


B,  FACTUAL  EiATA; 

2,  Two  (2)  sound  sources  have  been  used  in  the  experin.ents  here 
reported.  The  first  source  was  a  turbo-jet  engine,  J-35“9j  mounted 
in  an  outside  test  stand.  The  second  source  was  a  special  siren, 
de'v’eloped  for  these  studies,  a  '  mounted  in  an  anechoic  chamber  (refer 
to  Appendix  1) « 

3.  Severe  but  thus  far  temporary  losses  of  hearing  have  followed 
exposure  of  project  personnel  to  intense  sound  frosi  both  sources  (Data 
presented  in  Appendix  2). 


Whsn  6^ipos8^  i.ntcns8  sound,  fields  pi’ojoct-  p027sonnGX  Vinyp 
reported  the  following  sensations:  (a)  marked  heating  of  the  skin- 
(b)  strong  sensation  of  vibration  in  various  parts  of  the  body,  (c) 
sensations  of  muscular  weakness  and  (d)  excessive  fatigue  (  see 
appendix  2) . 


5.  Guinea  pigs  and  rats  have  been  killed  when  exposed  to  the 
intense  sound  field  of  the  siren  for  periods  as  short  as  eight  (C) 
minutes.  The  apparent  cause  of  death  in  these  anin^als  was  an  excessive 
elevation  cf  the  body  temperature.  Absorption  of  the  acoustic  energy 
in  the  fur  vrith  conversion  to  heat  energy  is  the  apparent  cause  of 
the  elevated  body  temperature  (see  Appendix  3)» 
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C.  ■  CONCLUSIONSt 

u  V 

"6,  Tiiat  noise  fields  sufficiently  intense  to  seriously  impair 
human  hearing  ai'e  p’-oduced  by  turbo- Jat  pc^rer  plants  currently  in  uee^ 

7,  That  the  frequency  suectiuai  of  the  turbo-jet  noise  field  Is 
such  that  the  hoaring  loss  produced  in  man  interferes  marlcedly  with 
the  reception  and  understanding  of  speech;, 

$.  That  sound  energy  will  kill  rats  and  guinea  pigs^. 

9.  Tiiat  the  peaks  of  acoustic  energy  found  in  the  sound  field 
about  a  turbo-jet  engine  are  of  an  order  of  magnitude  ocBiparable  with 
thoso  which  have  killed  guinea  piga  and  rats  ej^poaed  to  the  siren 
sound  field* 

10,  That  the  effects  here  reported  have  been  produced  by  intense 
sound  fields  in  the  audible  rarige^ 

11.  Taat  the  effects  here  described  have  usually  been  attributed 

to  the  action  of  sonic"  frequencies.  But  since, the  effects  de¬ 

scribed  have  been  the  result  of  exposure  to  intense  sound  i.n  the  audible 
range  it  is  suggested  that  the  important  parameter  may  be  intensity 
rather  than  frequency, 

12,  That  extensive  investigation  of  the  effects  of  very  intense 
sound  of  all  frequencies  Is  essential  to  a  complete  solution  of  the 
problem. 

D,  RECPljeCENDATIONSi 

13.  Tliat  the  Surgeouj  A'.r  iiaterieD.  Cooi.’and,  hold  those  agencies 
which  test  and  operate  turbo-jet  engines  responsible  fon 

a.  The  provision  of  control-obser'/ation  rooms  in  which  the 
sound  level  is  reduced  to  a  safe  value.  Specifications 
for  the  construction  and  sound  treatiaent  of  these  oontrol- 
observation  rooms  to  be  provided  by  the  Air  Installations 
Section^  Air  Materiel  Command, 

b.  The  reduction  to  an  absolute  minimum  of  time  personnel 
are  required  to  remain  in  the  intense  sound  field. 
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Appendix  1 
The  Sound  Sources 


Observations  have  been  made  of  the  mechanical  and  physiological  effects 
of  intense  sound  fields.  These  intense  sound  fields  have  been  derived  from 
tTO  (2)  sources;  (a)  the  J-35-9  turbo-jet  engine  and  (b)  a  specially  de¬ 
signed  siren. 

The  jet  engine  was  mounted  in  an  outdoor  test  stand.  There  irere  no 
Bide  or  end  walls  to  set  up  standing  waves.  The  engine  stood  about  seven 
(7)  feet  above  the  ground.  This  arrangement  provides  the  nearest  practical 
approach  to  free  field  conditions  for  the  measurement  of  a  sound  field. 

The  siren  was  mounted  to  generate  its  sound  field  inside  an  “anechoic" 
room.  Here  again  the  cenditibns  for  free  field  sound  measuresaents  are 
approached.  The  siren  provided  a  relatively  simple  sound  field  consisting 
of  a  fundamental  frequency  with  some  harmonics  in  contrast  to  the  wery  ccaple.ic 
(wide  frequency  spectrum)  sound  field  of  the  jet  engine. 

The  overall  sound  level  generated  by  the  turbo-jet  engine  was  found 
to  be  a  function  of  turbine  revolutions  per  minute.  The  eourKl  level  in¬ 
creased  vdth  increasing  r.p.m.  and  near  the  engine  ranged  from  about  120 
-to  150  db  above  the  reference  level  0.0002  dynes/ cnr. 

The  sound  level  produced  by  the  siren  coxild  be  Vdri.ed  froi'  a  level  of 
‘‘about  120  db  reference  0,0002  dyne/emr  to  a\»Ut  160  do  above  the  reference 
level, 
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Appendix  2 

Effects  of  Very  Intenso  Sound  on  laboratory  Personnel 


In  the  course  of  moasui'ing  the  sound  fields  about  jet  engines,  testing 
sound  generating  equipment  and  making  preliminary  animal  experiments,  labora¬ 
tory  personnel  have  been  e^qiosed  to  very  intense  sound  fields.  Several 
subjective  and  objective  observations  have  been  made  of  the  effects  vfhich 
resulted  from  these  exposures. 


Temporary  liearing  losses  have  been  observed  and  the  magnitude  of  the 
losses  determined.  In  seme  instances  personnel  exposed  themselves  to  the 
sound  field  vathout  protection  for  the  ears  to  detennino  quantitatively  the 
hearing  loss  produced  in  a  given  exposure  time.  In  most  instances  personnel 
exposed  to  the  sound  field  wore  V-^lR  ear  defenders  manufactured  by  the 
Mine  Safety  Appliance  Company. 

The  hearing  loss  incident  to  a  three  and  one-quarter  (5-1/4)  minute 
exposure,  vdthout  ear  defenders,  to  the  noise  rear  the  exhaust  cone  of  a 
J-55-9  turbo-jet  engine  is  shown  in  Graph  I.  This  hearing  threshold  curve 
was  taken  tw-elve  (12)  minutes  after  the  terviination  of  the  exposure.  The 
overall  sound  level,  indicated  by  a  microphone  held  near  the  exposed  ear, 
to  which  the  subject  was  e:qDOsed  was  142  db  above  0,0002  cytie/cm‘^,  A 
maximum  hearing  loss  of  25  db  occurs  at  about  1000  cps  and  the  frequency 
range  of  the  hearing  loss  is  that  which  one  would  predict  from  the  known 
frequency  spectrum  of  the  sound  field. 


The  hearing  loss  wh.ich  resulted  from  an  exposure  of  ten  (10)  minutes, 
without  ear  defenders,  to  the  noise  near  the  exhaust  cone  of  the  same  engine 
is  shovm  in  Graph  II.  The  subject  stood  10-12  feet  from  the  end  of  the 
tailpipe  and  approximately  twelve  (12)  inches  avray  from  the  stream  of  exhaust 
gases.  The  overall,  sound  level,  iivdicated  by  a  microphone  held  riear  the 
exposed  ear,  was  l46  db  above  0,0002  dyne/cm^.  The  maximum  hearing  loss  la 
6S 


The  hearing  loss  which  resulted  from  exposure  to  a  "synthetic”  sound 
field  is  shown  in  Graph  III,  The  sound  field  was  generated  by  the  siren 
■-inside  the  "anechoic"  chamber.  Standard  V-5I-R  ear  defenders,  carefully 
.fitted  to  the  sxibject's  ears,  were  work  throuf^out  the  exposure.  The  sound 
field  has  been  labeled  "synthetic"  because  the  exposure  consists  of  several 
consecutive  exposures  each  to  a  different  fundamental  frequency  generated 
by  the  siren.  The  frequencies,  the  exposure  'times  and  the  sound  levels  are 
as  follows:  (1)  1300  cps  for  60  minutes  at  le'vela  of  I50-I37  db:  (2)  2700 

cps,  for  2S  minutes  at  levels  of  135”157  db.  Mote  the  extensi've  hearing 
loss  between  15DO  and  4000  cp.'?.  Mote  also  the  degree  of  rscoveiy  that 
occurred  in  seventeen  (17)  hours. 
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Another  hcarinc  loss  curvo  wMch  demonstraies  the  results  of  exposure 
to  "synthetic"  sound  fields  is  sh'own  in  Graph  IV.  The  expsoure  to  these 
sound  fields  occurred  before  recoveiy  from  tlio  effects  of  previous  experimonts 
was  complete.  The  recovery  curve  in  Graph  III  shows  the  hcarini:  threshold 
at  the  start  of  the  experiments  the  results  of  wliich  are  shovm  in  Graph  IV. 

Tfio  subject  was  exposed  under  the  following  conditions:  (1)  2700  cps  at 

137  to  162  db  for  12  minutesj  (2)  650  cps  at  157  to  159  db  for  26  minutes; 

(3)  920  cps  at  139  to  161  db  for  27  minutes;  and  (4)  1(100  cps  at  1.39  to 
I63  db  for  35  minutes.  By  comparinc  the  initial  loss  curve  from  Graph  IV 
with  the  recovery  cui-vo  of  Grap)i  III  it  is  seen  that  tha  hearinc  loss  for 
all  frequencies  has  increased.  Furthermore^  there  is  a  marked  increase  in 
the  hearing  loss  at  low  frequencies,  which  is  the  result  of  the  exposures 
to  650  and  920  cps.  The  hearing  loss  for  6000  cps  is  increased.  These 
extensions  of  the  hearing  loss  cou.Ld  be  predicted  on  the  basis  of  the  known 
frequencies  to  which  the  subject  was  exposed. 

The  hearing  losses  (elevations  of  the  curve  of  hearing  tlireshold)  shown 
in  Graphs  I  through  IV  are  notable  for  the  severity  of  the  loss  and  for  the 
broad  band  of  frequencies  through  which  the  losses  extend.  E\'en  in  the  case 
of  a  brief  exposure,  three  and  one* quarter  (3-1/4)  minutes,  the  loss  exceeds 
20  db  over  the  frequency  range  5OO  to  2000  cps  when  the  subject  is  exposed 
to  the  noise  field  of  a  turbo-jet  engine  (Graph  1).  The  bearing  loss  occurs 
therefore,  in  the  frequency  band  most  significant  for  the  perception  and 
understanding  of  speech. 


An  increase  of  exposure  time  by  a  factor  of  three  (3)  increases  the 
hearing  loss  over  this  critical  frequency  range  by  10  db,  extends  this 
loss  into  the  higher  frequencies  to  3OGO  cps  and  more  than  doubles  the 
maximum  loss  of  hearing  at  1000  cps  (Graphs  I  and  II).  This  increase  of 
the  hearing  loss  will  significantly  decrease  the  ability  to  understand 
human  speech,  Furtherntore,  these  time  intervals  are  short  when  compared 
to  the  time  during  which  operators  of  jet  engine  test  cells  are  regularly 
exposed  to  intense  sound  fields.  As  the  e.xpooure  time  is  increased,  the 
hearing  loss  will  be  further  increased  and  the  ability  to  understand  the 
spoken  v/ord  f’urther  impaired. 


Tlie  effects  of  exposure  to  the  "synthetic"  sound  field  (Graph  III  and 
IV)  are  significant  in  that  they  demonstrate  the  inadequate  protection 
afforded  by  currently  available  ear  defenders  when  the  sound  fields  to  which 
personnel  are  exposed  exceed  l45  db.  They  further  show  tliat  the  effects  of 

V>YU  Oi'  iilUl'C  ax  t:  v;tuuuj.a  wx  wxxtv 


recovery  is  allo'wed  betvreen  exposures.  It  is  also  clearly  demonstrated 
that  o^qjosures  to  essentially  single  frequencies,  one  at  a  time,  viill  pro¬ 
duce  a  '’.Caring  loss  comparable  with  that  produced  by  an  ejqjosure  to  a  complex 
noise  field  containing  the  same  frequency  components.  IXkewiae  the 
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slight  or  no  hosring  loss 
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marked  hearing  losses  for  frequencies  at  least  an  ootave  above  it  ai’O  con¬ 
firmed  by  the  ej.pei'imcnt8  described. 


The  recovery  of  hearing  losses  of  tho  magnitudes  shov/n  in  Qraphe  III 
and  IV  is  a  slow  process.  Observe  the  17  hour  recovery  curve  shovi-n  in 
Graph  111  and  the  66  hour  recovery  shown  in  Graph  IV.  Complete  recovery 
requires  a  period  of  from  forty-eight  hours  to  a  week  or  longer  depending 
on  the  severity  of  the  hearing  loss  and  the  response  characteristics  of 
tho  individual  subject. 


Because  of  tne  cumulative  effects  and  the  slow  recovery  it  is  probable 
that  daily  exposures  to  tne  sound  fields  described  would  result  in  the 
production  of  permanent  doafr.ees, 

Anotlier  observed  effect  of  exposure  to  very  intense  sound  fields  was 
heating  of  the  skin,  Wien  one  holds  his  hand  in  an  intense  sound  field, 
i.e.,  from  the  siren,  with  the  fingers  lightly  approximated,  heating  occurs 
bewoen  the  fingers.  The  dagreo  of  heating  varies  from  that  which  gives 
rise  to  a  sensation  of  very  slight  warmth  to  that  which  produces  severe 
pain  in  a  very  short  time.  In  an  effort  to  evaluate  this  heating  effect 
as  a  function  of  frequency  a  scries  of  experiments  were  performed  in 
which  the  time  required  to  produce  reflex  vdthdrawal  of  the  hand  because 
of  pain  was  measured. 


The  results  of  these  experiments  arc  showi  in  Graph  V.  The  time  to 
"pain-wlthdrav/al"  as  a  function  of  frequency  is  shown.  It  is  clearly  seen 
that  frequencies  beirveen  4  and  10  kc,  at  the  intensity  levels  used,  are 
much  more  effective  than  either  higher  or  low'er  frequencies  in  producing 
painful  heating.  Similar  heating  occurs  (1)  between  the  cars  and  the 
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in  the  nostrils.  A  far  more  extensive  investigation,  throughout  tlie 
frequency  spectrum,  is  required  to  fully  elucidate  these  phenomena. 


Another  phenomena  of  interest  is  the  subjective  sensation  of  vibration. 
At  frequencies  from  about  I5OO  cps  do^vn  to  about  700  cps  there  is  a  sensation 
of  marked  vibration  of  the  cranial  bones.  At  certain  frequencies  in  this 
range  the  sensation  of  vibration  is  so  strong  from  the  lower  jaw  that  one 
reflexly  grits  his  teeth  in  an  effort  to  stop  the  vibration.  There  is  also 
a  sensation  of  vibration  combined  with  air  movement  in  the  nasal  passages 
and  the  bony  sinuses.  Especially  when  the  mouth  is  open,  a  similar  sen¬ 
sation  is  noted  in  the  mouth  and  pharynx. 

At  certain  frequencies,  which  have  not  been  precisely  determined,  in 
the  range  I5OO  to  700  cps,  the  vision  laay  become  blurred  when  one  stands  in 
the  sound  field.  Recovery  is  ioaedietc  and  oooyplete  as  soon  as  one  steps 
out  of  the  sound  field. 
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As  the  frequency  of  the  sound  field  to  v.hich  one  is  exposed  is  still 
further  decreased  the  sensations  of  vibration  are  felt  in  the  thorax  and 
in  single  muscles  and  niusolo  groups  of  the  arms  and  legs. 

Those  sensations  of  vibration,  tiiat  have  been  observed  in  the  labora¬ 
tory  at  known  frequencies  and  intensities  of  the  sound  field,  are  identical 
vrith  sensations  observed  when  standing  noar  tho  stream  of  exhaust  gases 
from  the  J-35-9  turbo- jot  engine,  Tho  vibratory  effects  produced  by  the 
jot  engine  occurred  with  the  tugincs  in  the  outside  test  stands  whore  no 
vails  or  other  structures  wore  prosunt  to  cause  reflections.  It  is  probable 
that  tho  phonoricna  v;ould  be  more  markod  in  enclosed  test  stands. 

There  liavo  boon  occasions,  during  exposure  to  these  low  frequency 
sound  fields,  both  in  tho  laboratory  and  at  tho  jet  engine  test  cells,  when 
personnel  liave  observed  a  "weakness  .^n  the  knees"  or  an  apparent  general 
woakenin;*  of  tho  body  supporting  musculature,  TW-s  sensation  is  not  ac¬ 
companied  ty  faintness  or  vertigo  ari  is  probably  not  the  result  of  a 
true  itiuscular  weakness.  It  would  appear  to  result  from  an  effect  on  the 
proprioceptive  reflex  mechanism  since  with  conscious  effort  one  can  maintain 
the  nox'mal  erect  position  usually  raintained  by  reflex  mechanisms. 

The  most  Important  result  of  these  preliminary  studies  is  that  they 
indicate  the  extensive  experimentation  yet  required  in  order  to  determine 
the  possible  range  and  magnitude  of  effects  produced  on  the  htuaan  body  by 
intense  sound  fields. 
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Exposure  cf  Animals  to  Very  Intense  Sound 


To  observe  the  cenera]  eflects  of  intense  sound  fields  on  small 
animals,  rats  and  guinea  pigs  have  been  exposed  to  sound  fields  generated 
by  the  siren.  These  animkla  vjore  "free”  in  a  small  cage  V'hich  permitted 
movement  but  restricted  them  to  the  central,  approximately  uniform,  portion 
of  the  sound  field.  Fur  and  rectal  temperatures  were  obtained  from  time 
to  time  by  means  of  thermocouples.  The  results  as  a  function  of  frequency 
are  shovn  in  Table  I. 


Data  on  Animals  Exposed  to  Intense  Sound  Fields  as  Related  to  the 
Frequencjy  of  the  SoS5  Field  ’’ 


Frequency 

Sound 

Level 

Air 

Temp, 

Pui- 

Rectal 

Teanp. 

Time  to 
death 

Animal 

1,000 

153  db 

3i®c 

50.5“0 

Ii2‘'C 

29  ULn. 

Guinea  Pig 

1,100 

156 

32 

1^2 

k5 

Rat 

5,000 

157 

30.5 

— 

k3 

9 

Rat 

3,000 

155 

3k 

52 

k2 

8 

Guinea  pig 

3,000 

156 

36 

kk 

9 

Guinea  pig 

5,000 

156 

53 

k9  ’ 

b*! 

21 

Guinea  pig 

5,000 

157 

33 

k3 

63 

11 

Rat 

7,000 

157 

— 

k^ 

kk 

16 

Guinea  pig 

^  V\/S/ 

151+ 

3k 

k2 

kk 

60 

Guinea  pig 

12,000 

154 

33 

k2.3 

kk*3 

(li%'ing) 

29 

Guinea  pig 

Ihe  data  of  Table  I  indicate  that  3OOO  cps  niay  be  particularly  lethal 
to  those  aniirals.  Although  the  sound  l.evels  ft'ere  not  identical  for  all 
frequencies,  the  levels  at  5OW  snd  7000  cps  were  as  high  as  for  3000  cps, 
yet  the  animals  survived  longer.  To  Farther  exardne  this  point  new  experi¬ 
ments  were  carried  out  in  which  raus  were  exposed  to  frequencies  between 


2000  end  5OOO  cps  at  a  fixed  sound  level.  The  sound  level  was  152  db  above 
0.0002  dyne/cm^  was  held  as  constant  as  possitle  for  all  frequencies.  The 
results  from  this  series  of  eoqperiae^’ts  are  rslunm  in  Table  II. 
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The  Relation  of  the  Frequency  of  the  Sound  Field  to  the 
Effects  on  Rats  when  the  intensity  is  Held  Constant  atl^db. 


Frequency 

Air  Temp. 

Fur  Temp. 

Rectal  Tej 

np.  Time  to  Death 

2000 

2S®C 

39®C 

39®C 

60  min.  (11-ving 
at  end  of  exposure) 

3000 

-30 

39 

41 

20  min. 

3500 

29 

39 

42.5 

30  min. 

4000 

26.5 

.'2.5 

41 

60  ndn,  (living) 

5000 

2S 

33 

59 

60  min.  (ll-ving) 

The  sound  level  here  enployed  was  lower  than  in  the  previous  experiments, 
nevertheless,  the  rats  ivere  killed  at  50OO  cps,  in  a  relatively  short  time 
(20  minutes),  Animal-s  were  also  killed  at  3500  cps.  but  at  all  other 
frequencies  they  were  alive  after  exposures  lasting  60  minutes.  One  must 
conclude  that  for  some  reason  sound  at  a  frequency  of  3OOO  cps  is  particularly 
lethal  to  these  animal j. 

The  animals  killed  were  examined  carefully  to  determine  the  cause  of 
death.  It  was,  of  courcse,  know^ii  that  the  body  temperature  rose  to  42® 
or  45®C  during  exposure  to  the  sound  field.  No  significant  pathology,  not 
associated  with  increased  body  temperature,  has  been  fouiad  which  may  have 
been  the  cause  of  death. 

Exposure  of  rats  to  radiant  heat  under  appropriate  conditions  has  caused 
death  in  approximately  the  same  time,  has  brought  about  an  essentially 
identical  behavior  pattern  during  exposure,  and  lias  produced  essentially 
identical  pathology  at  doath.  Tentatively  one  must  conclude  that  the 
absorbtion  of  acoastic  energy  from  the  sound- field  with  conversion  to  heat 
and  elevation  of  rbe  bod;'’  temperature  is  the  primary  cause  of  death.  Hot.-- 
ever,  one  must  bf  ai  in  mijid  that  other  factors,  not  yet  observed,  may  be  of 
equal  importance  as  a  lethal  factor  in  intense  sound  fields. 

Gross  pathological  exaidnation  of  the  animals  has  revealed  he  lorrhagic 
areas  in  the  skin,  pulmonary  congestion  and  atelectasis.  In  some  cases  there 
appears  to  have  been  small  pulmonary  hemorrhages  although  blood  has  never 
been  observed  in  the  trachea. 

Microscopic  sections  of  the  lungs  show  loss  of  air  space  or  atelectasis, 
thickening  of  the  ai-veolar  -ws^lls  and  marked  engorgement  of  all  blood  vessels. 

In  addition  there  were  occasional  areas  which  showed  a  loss  of  alveolar 
tissue,  free  blood  in  the  al^ieoli  and  a  leucocytic  infil-tration  around  adjacen^ 
blood  vessels .  The  leucocytic  infiltration  was  found  only  in  areas  -(djere  -there 
-was  free  blood  in  the  -tissues* 
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